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Why Quantum Computing ?
We believe Nature is fundamentally quantum

Richard Feynman
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Why Quantum Computing ?
We believe Nature is fundamentally quantum

Richard Feynman

In practice for QCD: $$$$

quantum
In principe yes, but
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What is Quantum Computing ?
“Infant” field in the intersection of many sub-fields

Quantum devicesQuantum algorithms

Quantum problems
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What is Quantum Computing ?

Quantum devicesQuantum algorithms

Quantum problems
Today

Today

“Infant” field in the intersection of many sub-fields
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What is Quantum Computing ?
What I mean by infant

Quantum Volume ~ quality of the quantum computer

According to Google 

this is a 60s computer
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What is Quantum Computing ?
What I mean by infant

5



Overview

From Classical to Quantum Mechanics

From Classical to Quantum Computing

Application to High Energy Physics (HEP)
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Classical mechanics

P

X

∂tω(x, p) = ℒωω(t =
0)

ω(t >
0)

This satisfies a Liouville equation

Equivalent to Newton’s laws

Consider  a classical distributionω

⃗F = m ⃗a
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Classical mechanics

P

X

∂tω(x, p) = ℒωω(t =
0)

ω(t >
0)

The state of the system 

can be identified with ω ≥ 0

The system can be measured trivially

Some classical axioms:

Probabilities: δp δx ω(x, p)
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Quantum mechanics

P

X

i∂tψ(x, p) = ℋψ

ψ(t =
0)

ψ(t >
0) This satisfies a Schrodinger equation

And classical probabilities are related to

|ψ(x, p) |2

Quantum case: state described  
by wavefunction ψ
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The state of the system 

is described by ψ ∈ C

The system can be measured but

Some quantum axioms:

Quantum mechanics

P

X

ψ(t =
0)

ψ(t > 0)

i∂tψ(x, p) = ℋψ

Probabilities: |ψ |2
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The state of the system 

is described by ψ ∈ C

Quantum Superposition:

Quantum mechanics

Any combination of  
 is still a valid state!

ψ

Prob ∼ |∑ ψ |2
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Quantum interference !

but probabilities:

Remember: probabilities add to 1



Discrete quantum mechanics
Example: electrons have electric charge -1, mass  and spin 1/2me

Up spin Down spin

| ↑ ⟩ = |0⟩

If we ignore all other dynamics, then this is a 2 state quantum system

| ↑ ⟩ = |1⟩
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Discrete quantum mechanics
An aside : Stern–Gerlach experiment
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What is the relation to computation?



Classical digital computation
Modern computers are made of basic information units: bits 

|1⟩Let’s call these: |0⟩
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Classical digital computation
Modern computers are made of basic information units: bits 

Example: 0 1 1 0
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Classical digital computation
Time evolution of information: just draw some lines

Example:

A={0,1}

B={0,1}

AND C={0,1}

time
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Classical digital computation
I will rewrite this in a more convenient notation

 (bit). Only two possible operationsψ = {0,1}

{0,1} {0,1} {0,1} {1,0}
σx

class.

 (in binary)ψ = {0,1,2,3}

{0,1} {0,1}

{0,1} {0,1} U

a.k.a NOT
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Classical digital computation
I will rewrite this in a more convenient notation

Measurement:

{0,1}

{0,1}

ψ ψ ψ

Non-trivial topologies:
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Quantum digital computation
Quantum computers are made of basic information units: qubits 

The simplest example: 1 qubit |ψ⟩ = a |0⟩ + b |1⟩ ≡ a | ↑ ⟩ + b | ↓ ⟩

|ψ⟩ =

a

b
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Quantum digital computation
Quantum computers are made of basic information units: qubits 

Example: 4 qubits

|ψ⟩ =

a1 +a2

+a3 +⋯

How many bits to get the same computing power?
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Quantum digital computation
Quantum computers are made of basic information units: qubits 

Example: 4 qubits

|ψ⟩ =

a1 +a2

+a3 +⋯

24How many bits to get the same computing power?
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Quantum digital computation
Let’s revisit the previous diagrams

|ψ⟩

Infinite set of operations:

σx,y,z

|ψ⟩

|ψ⟩ σx,y,z |ψ⟩

H

S
|ψ⟩

|ψ⟩ 1

2 [1 1
1 −1] |ψ⟩

[1 0
0 i] |ψ⟩

|ψ⟩ = a |0⟩ + b |1⟩ ≡ a | ↑ ⟩ + b | ↓ ⟩

For 1 qubit
|0⟩ = [1

0]
|1⟩ = [0

1]

20
Remember: probabilities add to 1 U† U = 1



Quantum digital computation
Let’s revisit the previous diagrams

|ψ⟩ = ∑
i,j

cij |xi, xj⟩

Single qubit operations generalize in a simple way, for example

H
1 ⊗ H |ψ⟩ =

For 2 qubits
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Quantum digital computation
Let’s revisit the previous diagrams

|ψ⟩ = ∑
i,j

cij |xi, xj⟩For 2 qubits

But things can get interesting

σx

CNOT |ψ⟩ = Cσx |ψ⟩ =
Control qubit

Target qubit

=
1 0 0 0
0 1 0 0
0 0 0 1
0 0 1 0

|0
0⟩

|0
1⟩

|1
0⟩

|1
1⟩

NegateUnity

|0⟩

|1⟩ |1⟩

|0⟩
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Quantum digital computation
Let’s revisit the previous diagrams

Example and first quantum circuit: 

| ↓ ↓ ⟩ →
1

2
( | ↓ ↓ ⟩ + | ↑ ↑ ⟩) Bell state

SOLUTION?
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Quantum digital computation
Let’s revisit the previous diagrams

| ↓ ↓ ⟩ →
1

2
( | ↓ ↓ ⟩ + | ↑ ↓ ⟩)

H ⊗ 1

H

| ↓ ⟩

| ↓ ↓ ⟩ →
1

2
( | ↓ ↓ ⟩ + | ↑ ↑ ⟩) Bell state

| ↓ ⟩
1

2
( | ↓ ⟩ + | ↑ ⟩)

Example and first quantum circuit: 
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Quantum digital computation
Let’s revisit the previous diagrams

H
|0⟩

|0⟩

| ↓ ↓ ⟩ →
1

2
( | ↓ ↓ ⟩ + | ↑ ↑ ⟩) Bell state

CNOT

| ↓ ↓ ⟩ →
1

2
( | ↓ ↓ ⟩ + | ↑ ↓ ⟩) →

1

2
( | ↓ ↓ ⟩ + | ↑ ↑ ⟩)

H ⊗ 1

σx

Example and first quantum circuit: 
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Quantum digital computation
Finally we have

Measurement:

(No cloning) (Linearity)(Unitarity)

Non-trivial topologies:

|ψ⟩ P|x⟩ |ψ⟩ P|x⟩ |ψ⟩
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What is the relation to HEP?



Challenge: Simulate Pancake-Pancake event at RHIC

Simulating RHIC in a Qcomputer

26
Relativistic Heavy Ion Collider



Challenge: Simulate Pancake-Pancake event at RHIC

Simulating RHIC in a Qcomputer

You saw this figure in R. Pisarski lecture a couple of weeks ago
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|ψ⟩(0)

|ψ⟩(t)

Reality

|ψ⟩(0) |ψ⟩(t)

Pancake-Pancake event at RHIC

Simulating RHIC in a Qcomputer

U(t,0) |ψ⟩

U(t,0) |ψ⟩
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Strategy: We know that

|ψ⟩(t) = exp (−iHt) |ψ⟩(0)

|ψ⟩(0)

|ψ⟩(t)

|ψ⟩c(0)

|ψ⟩c(t)

Reality Computer

ϵ

Simulating RHIC in a Qcomputer

i∂t |ψ⟩ = H |ψ⟩ so

1. Map dofs to qubits

2. Write evolution operator in terms of gates

3. Measure the state
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Suppose:  and H = σx ⊗ σz ψ(0) = | ↓ ↓ ⟩

{
|00⟩

σz ⊗ σz |01⟩

|10⟩

|11⟩

=

=

=

=

|00⟩

− |01⟩
− |10⟩
|11⟩

exp(−it(σz ⊗ σz)) =

σx σxσx σx|0⟩ |0⟩Rσz(t)

ancilla qubit

H = (Had ⊗ 1) (Had ⊗ 1)†(σz ⊗ σz)

An example
Disclaimer: Going fast here, so don’t worry if you don’t follow 100% 

Exercise: check this

σx = [0 1
1 0] σz = [1 0

0 −1]

Exercise: check this
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In reality: scattering in scalar QFT
Two particles scattering to four particles

Figure by H. Lamm

Meaningful simulations will require something 

in the order of thousands of high quality qubits !

Introduce lattice 
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Some key ideas

1 Quantum computing is picking up steam
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Some key ideas

2 Quantum computing is only starting in HEP/NP 
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To find the full document Google: arxiv 2204.03381 



Some key ideas

3 Quantum computing has a wide range of applications
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Some places to look for more info
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https://qiskit.org

Excellent introduction to QM and QC

Software to play around

+

Global introduction to QC


